Introduction
Various technologies developed in the semiconductor industry (i.e., microtechnologies) have been used in chemical research.
In the 1980s, microtechnologies were successfully applied to fabricate inter-digited microelectrodes, microelectrode arrays, and so on; 1-3 these electrodes are now being widely used as sensors and detectors for analytical equipment. In the past few years, furthermore, extensive efforts have been devoted to develop miniaturized analytical and chemical systems: miniaturized total analysis systems (µ-TAS) and lab-on-chip systems. 4, 5 Since miniaturized systems offer many advantages over traditional devices (low sample consumption, portability, low cost, disposability, and so on), further progress in the relevant fields of researches is needed.
Most of the miniaturized devices reported so far have been fabricated on silicon or glass substrates on the basis of conventional photolithography and etching techniques. Although microfabrication techniques certainly have high potential to produce microdevices, because the techniques require both expensive equipment and special facilities (i.e., clean room), they are still not conventional to ordinary chemical laboratories. As a more convenient method to fabricate microstructures, organic polymer-based methods instead of using silicone or glass substrates have been reported: 4, 5 microcontact printing, 6, 7 polymer molding, [8] [9] [10] and polymer imprinting methods. 11 In such methods, a silicon or glass substrate possessing a desired microstructure is used as a template and the microstructure is replicated on a polymer substrate under certain conditions. Therefore, once one obtains a template, a desired number of polymer-based microstructures can be produced without complicated microfabrication techniques, which is one of the most important advantages over silicon-and glass-based technologies. In addition to such an advantage, a wide variety of polymer materials enable arbitrary selections of thermal, chemical, physical, and surface derivatization properties, and so forth. Therefore, polymerbased microsystems or devices are expected to be applicable to various fields of chemical research.
While various chemical reactions and physicochemical processes can be studied by using microsystems, a study on inter-phase mass-transfer between two immiscible fluids is worth exploring. Namely, although liquid/liquid extraction is widely used in both preparative and analytical chemistry, difficulties arise in the development of automated or continuously operated extraction devices due to conflicting requirements concerning efficient inter-phase transport and phase separation. Such difficulties might be overcome by using flow characteristics in a microfluidic device, as reported by Shaw et al. 12 They demonstrated that, since two immiscible fluids introduced separately to a single microchannel run parallel without mutual mixing (described later in detail), both efficient extraction and clean phase separation of the two fluids could be achieved if rapid inter-phase mass transfer of a solute occurred during fluid flow. In practice, they proved such an idea experimentally. 12 Thus, studies along this line are very important to develop automated or continuously operated liquid/liquid extraction devices. In order to realize such a device, nonetheless, since flow characteristics in a microchannel are governed by several factors, such as the channel dimensions, the channel geometries, and the flow velocity, 13 the liquid/liquid extraction efficiency should be studied as a function of these factors. Also, an in-situ study on mass-transfer processes across a liquid/liquid interface in a microchannel is needed to optimize The liquid/liquid extraction of an Al 3+ -DHAB chelate (DHAB = 2,2′-dihydroxyazobenzen) from water to 1-buthanol (BuOH) in a polymer-based microchannel chip was studied by spatially-resolved fluorescence microspectroscopy. A microchannel (depth, 10 µm; width, 200 µm) was fabricated on a styrol-plastic substrate by an imprinting method. A template for imprinting was prepared by photolithography, in which a spatial pattern printed on a transparency film by a standard drawing software package was used as a photomask. When two immiscible fluids were brought together into the channel chip by pressure-driven flow at the same velocity, a stable parallel stream was observed for each phase without mutual mixing. The extraction of Al-DHAB from water to BuOH was then studied as a fluorescence-intensity profile of the complex in the BuOH phase along the flow direction as well as along the channel-width direction. It was confirmed that extraction proceeded with solution flow and was governed by the contact time between the two phases. The results were explained by a one-dimensional mass-transfer model along the channel-width direction. the necessary conditions to realize an ideal liquid/liquid extraction microdevice. Therefore, we undertook a spatiallyresolved spectroscopic study on liquid/liquid extraction processes in microchannel chips.
In the present study, we used polymer-based microchannel chips, owing to easy accessibility, as mentioned above. In particular, we chose commercially available styrol substrates, since the substrate is very cheap, transparent in the visible region, and possesses a moderate softening temperature (∼108˚C). Thus, we fabricated styrol-based microchannel chips by an imprinting method.
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The main drawback of a styrolbased microchip is low resistibility to an organic solvent. In this study, we selected 1-buthanol (BuOH) as an oil phase for liquid/liquid extraction, since BuOH was inert to styrol and the miscibility in water was rather low (7.45 wt%). For spectroscopic measurements, furthermore, we employed an Al 3+ -DHAB chelate (Al-DHAB; DHAB = 2,2′-dihydroxyazobenzene) as a probe molecule, since the chelate is nonfluorescence in water, while it exhibits strong fluorescence in an oil phase. 14 We therefore expected that the extraction of Al-DHAB from water to BuOH in a microchannel could be followed by spatiallyresolved fluorescence microspectroscopy. In this article, we report on the fabrication of styrol-based microchips by an imprinting method and spatially-resolved spectroscopic analyses of liquid/liquid extraction processes in the microchannel. A numerical simulation of the mass-transfer processes of Al-DHAB across the water/BuOH interface in the channel was also explored, and the results were compared with the experimental data.
Experimental

Sample preparation
Al(NO3)3, 1-butanol (BuOH), 1,4-dioxane (Wako Pure Chemicals), and 2,2′-dihydroxyazobenzene (Dojin Chemicals, DHAB) were used without further purification. Pure water was obtained after distillation and deionization (Advantec, Aquarius GSR-200). For extraction experiments, water and BuOH were saturated with BuOH and water, respectively. Then, 0.05 mmol of Al(NO3)3 was dissolved in 50 mL of an HCl-CH3COONH4 buffer solution (pH = 6.3). After DHAB dissolved in 1,4-dioxane (1 mL, [DHAB] = 50 mM) was added to the aqueous Al 3+ solution, insoluble materials were removed by filtration to give an Al-DHAB complex (1:1) solution. The concentration of the complex was determined by absorption spectroscopy; [Al-DHAB] = 0.6 mM: the molar absorptivity of the complex at 485 nm = 1.6 × 10 4 cm -1 M -1 .
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Fabrication of a polymer-based microfluid channel chip
Microchannels were fabricated on a styrol substrate (Tamiya Inc., 25 × 50 × 1.7 mm) according to a method reported by Martynova et al. 11 with some modifications. The structural layout of a microchannel chip (Fig. 1a) was drawn by using a standard drawing software package (Microgrfx, Windows Draw). The design was printed on a transparency film with 1440 dpi resolution, which was used as a photomask for lithography. A photoresist (Tokyo Ohka Kogyo, OFPR800) was dip-coated on a microscope slide glass (Matsunami Glass), pre-baked for 30 min at 90˚C, and then exposed to a 300 Wtungsten lamp through the photomask. After the resist layer was developed (Tokyo Ohka Kogyo, NMD-3), post-bake of the layer was conducted for 5 min at 120˚C. The glass substrate was then immersed in an HF/40%-NH4F (1/6, v/v) solution at 30˚C for 20 min to etch the exposed glass surface. After thoroughly rinsing the substrate with distilled water, the photoresist layer was removed with acetone. This embossed structure was used to imprint the image onto a styrol substrate. A styrol substrate and the structured-glass template were tightly fastened with two flat glass-plates and heated at 108˚C for 25 min in a temperature-controlled oven. A scanning electron microscope image of the styrol substrate indicated that the microchannel was successfully fabricated on the styrol substrate (Fig. 1b, 200 µm width and 10 µm depth). Although the edge of the channel was not fabricated very sharply and somewhat structurally rough, the polymer microchannel chip was potential enough for the present experiments, as discussed later. As a fluidic device, the polymer substrate was covered and bonded with a flat styrol substrate by clamping both substrates between two flat glass-plates and heating at 108˚C for 1 h. Prior to bonding, three holes (0.5 mmφ) were drilled on the cover polymer substrate for tubing the chip with a syringe pump, as described below.
Liquid/liquid extraction experiments by the microchannel chip
The experimental setup used in this study is shown in Fig. 2 . Two 250 µL-volume syringes, each being filled with BuOH or an aqueous Al-DHAB solution, were equipped with a programmable dual-syringe pump (Harvard, Model 44). Each syringe was connected with the microfluid channel via a fusedsilica capillary tube (100 µm i.d.; 200 µm o.d.). Connection between the tube and the hole on the channel chip was made by using an epoxy resin. The two fluids were introduced to the channel chip with the same flow velocity throughout this work.
For spatially-resolved spectroscopic measurements, previously reported fluorescence microspectroscopy system was used. [15] [16] [17] [18] As an excitation light source, 488-nm light from an Ar + laser (Coherent, Innova-100) was introduced to an optical microscope (Nikon, Optiphoto-2) and irradiated onto a microchannel chip set on a microscope 3-D stage through a super-long workingdistance objective lens (Nikon, ×100, NA = 0.75). The focal spot of incident light (1 µm in diameter at the focal plane) was adjusted to irradiate the center of the channel along the z-axis (along the direction of light propagation). Fluorescence from the solution phase was collected by the same objective and led to a polychromator-multichannel photodetector system (Hamamatsu, PMA11) through an optical fiber to record the fluorescence spectrum of Al-DHAB at a given position in the channel. By moving the 3-D stage along the x or y axis (see Fig. 2 ), the position-dependent fluorescence spectra of Al-DHAB in the microchannel were recorded. Since Al-DHAB is non-fluorescent in the water phase, Al-DHAB fluorescence extracted from water to the BuOH phase in the microchannel could be monitored selectively. All experiments were performed in a temperature-controlled room (20˚C).
Results and Discussion
Flow characteristics in polymer microchannels
The flow characteristics in a microchannel, operated by pressure-driven flow, are described by a low Reynolds-number flow: laminar flow. 13, 19 In laminar flow, the inertial effects on molecular motions and the turbulent mixing of solutions do not play an important role. Owing to such flow characteristics, even when two solutions are introduced separately into a microchannel chip, as shown in Fig. 2 , the two solutions in the single channel can flow without any mutual mixing. On the other hand, when molecular diffusion along the channel-width direction takes place efficiently, solute molecules dissolved in one solution phase can distribute to the other phase, even under laminar flow: diffusional mixing. In a micrometer-sized channel, particularly, the role of diffusional mixing becomes significant. Such behaviors have been experimentally confirmed by several research groups, and various applications of the flow characteristics in a microchannel to analytical devices and systems have been proposed. 5, [20] [21] [22] [23] [24] [25] When two immiscible fluids (water and BuOH) were brought together into the present polymer microchannel, analogous behaviors with those mentioned above were observed. In actual experiments, BuOH and aqueous Al-DHAB solutions were introduced to the microchannel with the same flow velocity, as schematically shown in Fig. 2 . The two streams were joined at a junction and the solutions flowed parallel to each other towards the exit port of the channel. Under an optical microscope, a clear liquid/liquid interface was observed at the center of the channel along the y-axis. Furthermore, the interface was not surged, even at the corner of the channel. It has been reported that the properties of the liquid/liquid interface in a microchannel (position, fluctuation, and so on) are governed by the geometries of the channel, flow velocity, interfacial tension between two fluids, contact angle at the wall, and so on. 12 For the styrol microchannel used in this study, a stable water/BuOH interface was confirmed with a flow velocity of 0.2 -1.5 cm/s. Although the cross section of the polymer channel was not well defined as compared to that of a channel fabricated directly on a silicon or glass substrate by photolithography, the flow characteristics in the polymer channel were quite similar to those in a silicon or glass-based microchannel. 26 
Liquid/liquid extraction in polymer microchannel
On the basis of laminar flow in a microchannel, the dynamics of liquid/liquid extraction processes can be followed directly. The extraction of Al-DHAB from water to BuOH in a polymer microchannel chip proceeds via three steps: diffusion in the water phase, inter-phase transfer across the interface, and diffusion in the BuOH phase. 27 This indicates that the concentration of Al-DHAB extracted to the BuOH phase is dependent on the diffusion rate of the complex in each phase and the distance from the liquid/liquid interface in the BuOH phase (position y). According to the characteristics of laminar flow, furthermore, the distance (i.e., length) from the junction to a given position along the stream (x) corresponds to the contact time between the two fluids (t), t = x/u; u is a flow velocity. Therefore, the concentration of Al-DHAB at a given flow velocity should depend on both x and y in the microchannel. Spatially resolved spectroscopy of Al-DHAB in the microchannel thus affords information about the kinetics of the liquid/liquid extraction processes. Figure 3 shows the fluorescence spectra of Al-DHAB observed at various x in the BuOH phase ( y = 30 µm) in the channel (u = 1.5 cm/s). At the junction (x = 0), no fluorescence was observed. At the down-stream side from the junction (x = 5 -100 mm), a broad and structureless fluorescence spectrum (λmax = 583 nm) was observed. The shape of the fluorescence spectrum agreed very well with that of Al-DHAB in a homogeneous BuOH solution, so that the fluorescence observed 873 ANALYTICAL SCIENCES AUGUST 2000, VOL. 16 Analogous experiments with those shown in Fig. 3 were performed at several flow velocities.
The position (x) dependence of the fluorescence intensity is summarized in Fig.  4 , in which the data are shown relative to the saturated fluorescence intensity (1.0). From a separate experiment, the partition coefficient of Al-DHAB between water and BuOH (P) was determined to be 19.0. The fluorescence intensity of 1.0 in the figure thus corresponds to P = 19.0, and the x dependence of the fluorescence intensity at a given flow velocity provides information about the liquid/liquid extraction processes in the microchannel. At u = 0.38 cm/s (a), the fluorescence intensity increased sharply with x up to x ∼3 cm and then became constant (unity). These findings imply that the extraction of Al-DHAB proceeds along with an increase in x and that the distribution equilibrium is attained at x >3 cm. At a faster flow velocity (b, c, or d), the fluorescence intensity gradually increased with x as compared to that at u = 0.38 cm/s; also, the x value necessary for reaching the distribution equilibrium was considerably extended.
At a given flow velocity, the distance from the junction along the solution stream (x) corresponds to the contact time between the two fluids (t), as mentioned before. Therefore, the data in Fig. 4 can be easily converted to the contact time dependence of the fluorescence intensity: t = x/u. As can be clearly seen in Fig. 5 , all of the data in Fig. 4 fall on the same curve. It is therefore concluded that the flow-velocity dependence of the extraction efficiency (i.e., fluorescence intensity) at a given x in Fig. 4 is apparent, and that the extraction of Al-DHAB to BuOH in the channel is governed essentially by the contact time between the two phases.
In order to study further details concerning the extraction processes, spatially-resolved fluorescence spectroscopy was conducted as a function of y (30, 50, 70, and 90 µm). The results are summarized as the t dependence of the fluorescence intensity in Fig. 6 . The data shown in Fig. 5 (y = 30 µm) are also included (shown by the closed triangles, a). As the monitoring position was shifted to far from the liquid/liquid interface (from a to d in Fig. 6 ), the fluorescence intensity at a given t became weaker, and it took more time to reach a constant fluorescence intensity. Near to the interface (y = 30 µm), namely, the time necessary to reach a constant fluorescence intensity (i.e., distribution equilibrium) was about 8 s, while the fluorescence intensity monitored at y > 50 µm did not saturate before t = 15 s. Furthermore, an induction period was observed at t <2 s when the fluorescence was monitored at y = 90 µm. Phenomeologically, these findings agree very well with what we expect for liquid/liquid extraction in a microchannel, as schematically shown in Fig. 2 .
Simulation of liquid/liquid extraction in a microchannel
In order to explain the present results more explicitly and to understand the performance of the polymer microchannel chip, a numerical simulation of the liquid/liquid extraction processes in the channel was performed. 28 Because extraction proceeds via three mass-transfer steps as mentioned before, the experimental data should be explained along the same context. It is important to note that the fluid characteristics in the channel, particularly those in a low aspect ratio rectangular channel (10 µm depth and 200 µm width) must be considered to simulate the present data. 29 First, because the two fluids run parallel in the channel without mutual mixing, the width of each fluid layer does not vary during solution flow. This simplifies the numerical simulation for the liquid/liquid extraction processes in a microchannel. Second, the low aspect ratio of the present channel also influences the flow profile. Namely, since the channel is very shallow compared to the width, the flow profile along the depth direction (z-axis) becomes parabolic and the flow velocity depends on the z-position in the channel, while that along the y-axis is plug-like; the flow velocity profile along the y-axis is almost constant, except for the edge region of the channel. It is well known that a parabolic flow profile is unfavorable for ordinary macro-scale chromatography because it leads to a concentration gradient of a solute along the flow direction. In a microchannel, on the other hand, the selfdiffusion of a solute plays an important role. As an example, an ordinary-sized molecule having a diffusion coefficient of ∼10 -6 cm 2 /s can diffuse 10 µm within 1 s. In the present channel, therefore, the concentration gradient along the z-axis is cancelled by molecular diffusion in a micrometer dimension. This also simplifies the simulation of mass-transfer of Al-DHAB across the water/BuOH interface, as described below.
On the basis of the above discussions, we modeled the extraction processes in the channel as successive onedimensional mass-transfer steps across the liquid/liquid interface (along the y-axis). Diffusion of Al-DHAB in each 874 ANALYTICAL SCIENCES AUGUST 2000, VOL. 16 phase is thus described by the one-dimensional Fick's law:
Here, Cw (Co) and Dw (Do) represent the concentration and diffusion coefficient of Al-DHAB in water (BuOH), respectively. If we assume that the interfacial mass transfer of Al-DHAB is sufficiently fast compared with the diffusion of the complex in each phase, the concentration ratio of the complex in the vicinity of the interface at any t should be equal to the equilibrium partition coefficient, P:
The Dw and Do values were calculated to be 6.1 × 10 -6 and 2.2 × 10 -6 cm 2 /s, respectively, based on the Stokes-Einstein equation. 30 Before contacting two solutions, Co (y, 0) = 0 and Cw (y, 0) = 1 were maintained. Under these conditions, a computer simulation was performed for the liquid/liquid extraction of Al-DHAB in the microchannel; the results are shown as solid curves in Fig. 6 . The calculated curves roughly reproduced the experimental data in spite of the application of a one-dimensional model. It is worth noting that the induction period of extraction observed at y = 90 µm and t< 3 s has also been reproduced by the simulation. This demonstrates that the extraction of a solute in a microchannel can be modeled as onedimensional mass-transfer processes and, that the ratedetermining step is the diffusion of the chelate in each phase. It is worth pointing out, furthermore, that the present simulation does not consider any structural factors, such as the roughness of the edge and bottom surface of the channel. Slight discrepancies between the observed data and the simulated ones might be due to such effects. Nonetheless, the overall performance of the polymer microchannel chip for liquid/liquid extraction agrees with that predicted by an ideal-model simulation. As a preliminary study, analogous experiments with those for Figs. 5 and 6 were conducted by using a micromachined silicon-substrate channel chip having the same geometry with
Co(interface,t) -------Cw(interface,t)
∂Co(y,t) 2 ----∂t 2 ∂Cw(y,t) 2 ----∂t 2 that of the present polymer chip. 26 However, almost the same results were obtained for both polymer and silicon-substrate microchips. It is therefore concluded that the polymer-substrate microchannel chip, which can be very easily duplicated, could be used for various applications.
The microchannel chip used in this study was fabricated by a technique-free imprinting method. The fabrication of a channel chip can be conducted without any special instruments, and is easily performed in an ordinary chemical laboratory. In spite of the easy fabrication procedures, the flow characteristics in the polymer microchannel were shown to be almost the same as that by a theoretical prediction for an ideal channel fabricated on a silicon or glass substrate. As demonstrated in the present study, furthermore, the spatially-resolved spectroscopy of a solute in a microchannel can provide useful information to analyze the kinetics and dynamics of various reactions, including diffusion, adsorption, and extraction processes. Besides applications of microfluidic devices to µ-TAS and/or lab-on-chip systems, we believe that polymer microfluidic channel chips can play essential roles in various fields of sciences.
